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The population dynamics and distribution of Daphnia pulicaria were studied in Lake Constance (Lower Lake). This
Daphnia was absent in the year 2004, absent during most part of the year 2005 and absent in spring 2007 but present
from November 2005 to July 2006. Abundance was high from January to late May of the year 2006; maximum
abundance was 95,000 ind.m2 (30 May). Males and ephippial females were observed in January and late May.
Ovigerous females constituted between 30% and 70% of adult females from November 2005 to April 2006; in June and
July their percentage decreased to o20%. Mean number of eggs per egg-bearing female ranged between 2 (in
November 2005) and 9.8 (in April 2006) and maximum egg number was 20. Birth and growth rates were low (generally
o0.15); death rate was highest in June (0.275). Females of D. pulicaria were larger than females of Daphnia galeata/
hyalina but carried somewhat fewer eggs. D. pulicaria generally preferred the deep cool water layers. The species was
abundant in the northern parts of the Lower Lake (Gnadensee and Zeller See), rare in the southern parts (Rheinsee)
and absent in the Upper Lake. We conclude that the life history and occurrence of large-bodied D. pulicaria in Lake
Constance can be governed by ﬁsh predation pressure. This suggestion is supported by analyses of stomach contents
from Coregonus lavaretus; stomachs contained high proportions of D. pulicaria in the ﬁrst half of the year 2006. The
disappearance of D. pulicaria in early summer and the comparatively low proportion of adults for most part of the
investigation period also indicate that ﬁsh predation is involved in the dynamics of this Daphnia. The preference for
deep cool water can be strategy to reduce predation risk. The low density of D. pulicaria in the southern basin of Lower
Lake (Rheinsee) may be explained by the inﬂuence of the Rhine River which ﬂows through this basin.
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Daphnia pulicaria (FORBES) is a large-bodied Daph-
nia and a member of the ‘‘pulex group’’. Morphologi-
cally, it can be distinguished from D. pulex by its
elongate polygonal structures between rostrum and
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the male sex (Brandlova, Brandl, & Fernando, 1972;
Flo¨ßner, 2000). D. pulicaria is generally considered as
the ‘‘lake pulex’’ as it can inhabit large water bodies
while its relative, D. pulex, is conﬁned to small ponds
(e.g. Brandlova et al., 1972; Flo¨ßner, 2000). D. pulicaria
is generally found in deep, cool water layers (Flik &
Vijverberg, 2003; Tessier & Welser, 1991; Threlkeld,
1979; Urabe, Ishida, Nishimoto, & Weider, 2003) most
likely to reduce mortality from ﬁsh predation during
daytime (Flik & Vijverberg, 2003; Leibold & Tessier,
1991; Tessier & Welser, 1991).
In Lake Constance, D. pulicaria was recorded in the
early 1970s in the Gnadensee (Lower Lake basin)
(Einsle, 1980, 1987). According to Einsle (1987),
abundance of D. pulicaria can vary considerably from
year to year. For example, in the Gnadensee, this species
was present in 1975 and 1976, absent in 1977, very rare
in 1978/1979, present with up to 10,000 ind.m3 in 1980/
1981 and again absent in 1983/1984 (Einsle, 1987). In
the Zeller See this species was not recorded in the years
2002 and 2003 (Stich, Pfeiffer, & Maier, 2005) but was
present in high density in 2005/2006. Since D. pulicaria is
large-bodied, it can be a preferred food source for
zooplanktivorous ﬁsh (e.g. Cerny & Bytel, 1991). In
Lake Constance Coregonus lavaretus L. is the prevailing
zooplanktivorous ﬁsh. This coregonid is heavily ﬁshed
and very important for the commercial ﬁshery. The aim
of this study was to get distribution and dynamics of
D. pulicaria in Lake Constance (Lower Lake). The
appearance of this Daphnia in the years 2005/2006 per-
mitted investigation of life history traits. We also investi-
gated contents of stomachs of C. lavaretus to assess
whether D. pulicaria is consumed by ﬁsh. We expected3
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Fig. 1. Map of the Lower Lake basin of Lakethat D. pulicaria displays life history traits that are
typical for a species that has to evade ﬁsh predation.Methods
Population dynamics
Zooplankton samples were taken as part of a routine
sampling program carried out each year. Samples were
taken by vertical hauls from bottom to surface at the
deepest place of the Zeller See (Fig. 1; site 4) with
plankton net (Hydrobios company, Germany; mesh size
100 mm; diameter of the opening 8.5 cm). Biweekly
sampling was conducted from January 2004 to June
2007; only during winter sampling intervals were 4
weeks. Samples were preserved immediately after their
collection in a 4–6% formalin-sugar solution. In the
laboratory samples were diluted in 50–1000ml of water
(dependent on zooplankton density) and out of this
dilution several 10ml aliquots were analyzed under an
inverted microscope (Zeiss IM35 and/or Leica DMIL,
Germany). If possible, 100 specimens of D. pulicaria
were counted per sampling date. We distinguished
beween juveniles (specimens with straight dorsal side,
without brood pouch), adult females (specimens with
brood pouch) with and without eggs, adult males,
ephippial females. Clutch sizes were determined from 20
randomly selected egg-bearing females per month or all
females present in a sample. Additionally, adult females
from both D. pulicaria and temporarily co-occurring
D. galeata/hyalina (274 specimens from collections in
May, June and July 2006) were measured from the tip of1
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eyepiece which was calibrated with an object micrometer
and their clutch sizes were determined.
Distribution
The vertical distribution of D. pulicaria was examined
in the Lower Lake on 23 May 2006 at the stations
Gnadensee and Zeller See and on 24 and 25 July 2006 at
the stations Gnadensee and Markelﬁnger Winkel. The
position of the sampling sites is depicted in Fig. 1.
Maximum depths of sampling sites at dates where
sampling took place were 15m (Markelﬁnger Winkel)
20m (Gnadensee) and 23m (Zeller See). Samples were
taken with a 25L Uwitec water sampler (www.uwitec.at)
in approximately 10 different depths (near the surface,
in 2.5, 5, 7.5, 10, 12.5, 15, 17.5, and if possible in 20 and
22.5m-dependent on the depth of the site). Samples
were immediately preserved and counted in the labora-
tory under the inverted microscope (see above).
To obtain an estimate of the horizontal distribution,
additional samples were taken at the above mentioned
dates with the Uwitec trap and/or a plankton net (100mm
mesh size, diameter of the opening 8.5 cm) in the Lower
Lake at the stations Markelﬁnger Winkel/Gnadensee
(MAW), Gnadensee (GNA), Zeller See (ZE), Ermatinger
Becken/Rheinsee (ERM), Rheinsee (RS) and in the
Konstanzer Trichter (KNT) (Fig. 1). Samples were also
taken at the same date in the Upper Lake at the stations
Fischbach-Uttwill, Langenargen and Bregenz Bay. Sam-
ples were treated as described above. Abundance at each
station was expressed in ind.m3.
Stomach contents
To test whether D. pulicaria is consumed by corego-
nids in Lake Constance, we analyzed contents of 70
stomachs from C. lavaretus collected from April to
October 2006 by the Fishery Research Station of Baden-
Wu¨rttemberg. C. lavaretus is known to feed selectively
on predatory Cladocera and Daphnia (e.g. Eckmann,
Becker, & Schmid, 2002). Stomach contents, which were
preserved in a 4% formalin sugar solution, were diluted
in a volume of 50–500ml of water and out of this
dilution several 10ml subsamples were counted under
the inverted microscope (Zeiss IM 35, Oberkochen,
Germany) (cf. Stich & Maier, 2006). D. pulicaria was
distinguished from D. galeata/hyalina by shape of head
capsules and/or by the presence/absence of teeth on the
furcal claws (e.g. Flo¨ßner, 2000).
Calculations/statistics
Instantaneous birth, growth and death rates were
calculated from the equations obtained by Paloheimo(1974). To compare body sizes and clutch sizes of D.
pulicaria with body and clutch sizes of D. galeata/
hyalinia during the period of their temporal overlap a
nonparametric U-test was used. This test was used since
data (clutch sizes) were not normally distributed. To get
relations between reproductive parameters and between
body size and clutch size a Spearman Rank correlation
was calculated. A Spearman Rank correlation was also
used to test for relations between abundance/reproduc-
tive parameters of D. pulicaria and phytoplankton
biomass (measured as chlorophyll-a concentration).Results
Population dynamics
D. pulicaria was observed from November 2005 until
August of the following the year (Fig. 2). In the years
2004, most part of the year 2005 and in spring of 2007
D. galeata/hyalina prevailed. No or only few individuals
of D. pulicaria were observed during that time; its
density never exceeded 1200 ind.m2.
From November 2005 to August 2006 two peaks
could be separated, one in February and another
approximately 3 months later at the end of May
(Fig. 3). Maximum abundance with approximately
95,000 ind.m2 was observed at that time. Juveniles
were much more abundant than adults until May. Later,
in June, July and August, when abundance had
decreased too10,000 ind.m2, adults prevailed or their
numbers were in the same size order than numbers of
juveniles. Males and ephippial females were observed in
January and at the end of May. Ovigerous females
constituted between 30% and 70% of all females in the
period between November 2005 and late April of the
next year (Fig. 3). In early May 2006 the percentage of
ovigerous females dropped to 10% and remained low
until August. Mean clutch size was low in November
2005 (Fig. 3); ovigerous females carried only 2 eggs at
that time. From December 2005 to April 2006 mean
clutch size increased from 4.2 to 9.8. Thereafter, mean
clutch size decreased gradually and from mid August on
no females with clutches were found. Maximum clutch
size (20 eggs per ovigerous female) was observed in May.
Instantaneous birth and growth rates were low, gen-
erally below 0.15 (Fig. 4). Death rates were low in
winter; maximum death rates were observed in late
spring.
Clutch sizes of D. pulicaria and D. galeata/hyalina
were positively correlated with body sizes (Fig. 5).
During the period of co-occurrence, D. galeata/hyalina
females were smaller than females of D. pulicaria
(U-test: Z ¼ 10.96; n ¼ 274; Po0.0001). However,
females of D. gateata/hyalina carried more eggs than
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Fig. 2. Seasonal variation in total abundance of Daphnia pulicaria (Dp) and Daphnia galeata/hyalina (Dg/h) in the Zeller See during
the years 2004–2007.
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Po0.001).
Chlorophyll-a concentration was p3 mgL1 from
November 2005 until February 2006. In March 2006
chlorophyll-a concentration reached its maximum of
9 mgL1 (23 March 2006). In the period between April
and mid July the chlorophyll-a concentration dropped
from 5 to 2 mgL1. A second peak with 8 mgL1 was
observed on 22 August 2006.
Abundance of D. pulicaria (November 2005–August
2006) was not correlated with chlorophyll-a concentra-
tion (Spearman Rank: r ¼ 0.15; n ¼ 15; P ¼ ns). How-
ever, clutch size and percentage of ovigerous females
were positively correlated with chlorophyll-a concentra-
tion (Spearman Rank: r ¼ 0.48, n ¼ 15, Po0.034 and
r ¼ 0.53; n ¼ 15; Po0.023, respectively).
Distribution
In May 2006, where abundance of Daphnia taxons
was comparatively high in Zeller See (cf. Fig. 2), D.
pulicaria clearly preferred deep water while D. galeata/
hyalina was more abundant in upper layers of the water
column (Fig. 6). Approximately 70% of D. pulicaria
lived in a depth of 22.5m (near the lake bottom) at that
time while maximum density of D. galeata/hyalina was
in an intermediate depth of 12.5m. A relatively even
vertical distribution of D. pulicaria was observed in May
in the Gnadensee (Fig. 7). However, in July D. pulicaria
had concentrated in a depth between 12.5 and 18m in
the Gnadensee and between 12 and 15m in the
Markelﬁnger Winkel (Fig. 7).
Horizontal distribution differed between different
sites in the Lower Lake (Fig. 8). In May abundance of
D. pulicaria was high in the Gnadensee and in Zeller See,lower in the Ermatinger Becken and almost zero in the
Konstanzer Trichter. Data for the Rheinsee were only
available from March where abundance of D. pulicaria
was zero at this site. In July the North to South gradient
was even more clear with high abundance in the
Markelﬁnger Winkel and the Gnadensee and low
densities (o 200 Ind.m3) in the Zeller See, Rheinsee,
Ermatinger Becken and Konstanzer Trichter. At the
Upper Lake sites (Fischbach Uttwill, Langenargen,
Bregenz Bay) no D. pulicaria specimens were observed.
Fish stomachs
Daphnids were the most important prey of coregonids
in the Lower Lake in the year 2006 (Fig. 9). On average
500 and a maximum of 5000 ind. could be observed per
stomach during the months May to July. In March/
April and from August to October Daphnia number per
stomach was much lower (generally o100 ind.
stomach1; Fig. 10). From the daphnids D. pulicaria
was consumed in approximately the same (April–June)
or higher proportion (July) than its proportion in the
environment (Fig. 11) (all Daphnia present ¼ 100%). In
April and May more than 85% of daphnids in the ﬁsh
stomachs were D. pulicaria. From August on when
density of D. pulicaria had decreased to zero or almost
zero only D. galeata/hyalina were found in ﬁsh
stomachs.Discussion
The seasonal cycle and vertical distribution of D.
pulicaria in Lake Constance resemble those in many
other lakes (cf. Flo¨ßner, 2000; Threlkeld, 1979; Urabe
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Fig. 3. Abundance of juveniles and adults (upper graph),
percentage of ovigerous females in relation to adult females
(below) and mean number of eggs per ovigerous female of
Daphnia pulicaria (lower graph) in the Zeller See. Arrows in
the upper graph indicate males and ephippial females. Number
in parentheses in the lower graph mean number of replicates.
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Fig. 4. Instantaneous birth (b), growth (r) and death rates (d)
of Daphnia pulicaria in the Zeller See during the year 2005/
2006.
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Fig. 5. Number of eggs per egg-bearing female against body
size of Daphnia pulicaria (Dp) and Daphnia galeata/hyalina
(Dg/h) with Spearman Rank correlation coefﬁcient r, and P
level above the graph. Regression equation for D. pulicaria:
y ¼ 10.3+6.7x; regression equation for D. galetata/hyalina:
y ¼ 5.6+6.5x.
H.B. Stich, G. Maier / Limnologica 37 (2007) 303–310 307et al., 2003). D. pulicaria has its peak abundance in
spring and is generally found in deep water. Several
authors have reported that, when co-occurring, D.
pulicaria and D. galeata are spatially separated, i.e. D.
pulicaria lives in deep water while D. galeata prefers
upper layers (Leibold, 1991; Tessier & Welser, 1991;
Urabe et al., 2003). Although some D. pulicaria
populations can be negatively affected by high watertemperatures (Brandlova et al., 1972; Hrbackova-
Esslova, 1962), its dwelling in deep water during
daytime is generally not interpreted as evasion from
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reduce predation by ﬁsh. In enclosure-experiments Cerny
and Bytel (1991) showed that D. pulicaria was completely
removed under high ﬁsh predation pressure. Flik and0 20 40 60 80 100
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Fig. 6. Vertical distribution of Daphnia pulicaria (Dp) and
Daphnia galeata/hyalina (Dg/h) during a period of co-
ocurrence in the Zeller See in May 2006.
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Fig. 7. Vertical distributions of Daphnia pulicaria inVijverberg (2003) reported that with the appearance of
juvenile perch in the open water of Lake Maarsseveen, D.
pulicaria selected the deep water layers as a refuge against
ﬁsh predation. Gonzales and Tessier (1997) showed that
growth rate of D. pulicaria was reduced by ﬁsh and
Chaoborus and that in the presence of ﬁsh the species
moved to deep water during daytime while in presence of
Chaoborus it moved to shallow waters at night.
In Lower Lake of Lake Constance predation pressure
can inﬂuence the dynamics and distribution of D.
pulicaria. Coregonids and the phantom midge Chao-
borus may exert a considerable pressure on this Daphnia.
Both predators are present in the Lower Lake basin and
their effect on D. pulicaria is additive (Gonzales &
Tessier, 1997). High predation pressure may explain why
D. pulicaria is extremely rare or even absent in most
years (Einsle, 1987; this study). The fact that the D.
pulicaria population in Lower Lake was dominated by
juveniles and the fact that death rate was high in late
spring may also point to high mortality risk. Possibly
adult females with big clutches were selected by ﬁsh and
removed from the population (e.g. Gliwicz, 1994 and
citations therein). Our investigation of stomach contents0 10 20 30 40 50 60 70 80 90 100
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the Gnadensee and the Markelﬁnger Winkel.
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lavaretus in the Lower Lake of Lake Constance in the year
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Da ¼ Daphnia spp.; By ¼ Bythotrephes longimanus; Le ¼
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Fig. 10. Number of Daphnia spp. (median, box ¼ 25–75% and
whiskers 5–95%) in stomachs of Coregonus lavaretus from the
Lower Lake (Lake Constance) from March/April to Septem-
ber/October of the year 2006.
H.B. Stich, G. Maier / Limnologica 37 (2007) 303–310 309of C. lavaretus showed that, in spite of its live in deep
water, D. pulicaria was a preferred prey of ﬁsh during its
presence in the year 2006. Why the abundance of D.
pulicaria was high in the year 2006 compared to previous
years remains unclear. May be that the cold weather in
spring and early summer reduced activity of ﬁsh and
thus predation pressure on this Daphnia. If predation
pressure is low, D. pulicaria should be able to suppress
many other Daphnia species due to its low food
threshold at least in the absence of blue-green ﬁlaments
(Gliwicz, 1990; Gliwicz & Lampert, 1990). That the
abundance of D. pulicaria was not correlated with
phytoplankton biomass in spite of a positive correlation
between reproductive parameters and phytoplankton
biomass supports the suggestion that the species is top
down controlled. That food has an effect on the
dynamics of D. pulicaria is obvious from the reproduc-
tive parameters and that males and ephippial females
appeared in December and at the end of May may be a
result of the low food concentration at that time
(chlorophyll-a concentration p2 mgL1).
To our knowledge D. pulicaria is not known from the
Upper Lake basin of Lake Constance. Reasons for its
absence in the Upper Lake can be higher ﬁsh predation
pressure and/or unsuitable habitat conditions. That D.
pulicaria has been overlooked in the Upper Lake until
now is unlikely. It looks very different from D. galeata/
hyalina, which are common in the Upper Lake.
However, we have only zooplankton investigations from
deep stations of the Upper Lake, like Fischbach-Uttwillor Langenargen-Arbon. No investigations exist from
shallow parts where D. pulicaria could be present.
Not surprisingly, we observed only few D. pulicaria in
the Rheinsee, the southern basin of Lower Lake. The
absence/rareness of D. pulicaria in Rheinsee may result
from inﬂuence of the Rhine River which ﬂows through
ARTICLE IN PRESS
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Fig. 11. Proportion of Daphnia pulicaria in relation to all
Daphnia ( ¼ D. pulicaria+D. galeata/hyalina ¼ 100%) in
stomachs of Coregonus lavaretus (black bars) and in the
environment (open bars).
H.B. Stich, G. Maier / Limnologica 37 (2007) 303–310310this basin. Einsle (1987) suggested that abundance of D.
pulicaria is highest in the northern part of Lower Lake,
the Gnadensee. This suggestion is supported by our
results; in particular in the Markelﬁnger Winkel which is
the northernmost part of Gnadensee was abundance
high. Thus there seems to be a gradient in the abundance
of D. pulicaria from North to South of the Lower Lake.
We conclude that D. pulicaria is an ‘‘unstable
candidate’’ in Lake Constance. This seems to hold for
the entire Lower Lake (cf. Einsle, 1987). The species is
present in some years but absent or almost absent in
most years. Most likely ﬁsh predation pressure is an
important regulator of its population development. We
cannot sufﬁciently explain why the density of D.
pulicaria is highest in the northernmost part of Lower
Lake. Possibly the Rhine River which ﬂows through the
southern parts can have some inﬂuence on population
density of this Daphnia. That wind has some inﬂuence
on the distribution of D. pulicaria is unlikely.
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